The relationship between G+C-content and codon usage in genes of human, mus, rat, bovine and chicken nuclear genomes was investigated. Correlation and lineal regression analyses were carried out on plots that related the frequency of each codon within each synonymous codon group to the G+C-content of the coding sequence as a whole. Under GC pressure, in most of the quartet codon groups there is a preferential choice of the C-ending codon, except in leucine and valine codon groups where the choice of the G-ending codon is preferred. Among duets, the choice of codons specifying phenylalanine and glutamate shows the strongest dependence on G+C-content. The relationship found between G+C-content and codon usage in these genomes correlate with taxonomic distance.
INTRODUCTION
Early works showed that the base ratio A+T/G+C of overall DNA differs among different species (1) , and that different DNA segments isolated from organisms of a given species have the same base ratio (2, 3) .
However, in vertebrates there are large differences in base composition between different DNA regions in the same genome. It has been shown recently (4) , that the nuclear genome of warm-blooded vertebrates exhibits a compositional compartmentalization, being a mosaic of very long DNA sequences which are relatively homogeneous in their G+C-content (either G+C-rich or A+T-rich). These segments are named 'isochores', and it has been proposed that genes that map in chromosomal R-bands belong to G+C-rich isochores, and those in G-bands to A+T-rich isochores (4) (5) (6) (7) (8) .
According to the degeneracy of the genetic code one might expect that differences in G+C-content among genes could be accounted for by changes in G+C-content at the third, and to a lesser extent, at the first codon position, while the second codon position is constrained by the choice of amino acid. The G+C level found at each codon position in vertebrate genes shows a positive linear relationship to the G+C-content of the corresponding coding sequences; the slopes of the regression lines increase from second, to first, to third positions. Furthermore, a high correlation is found between the G + Ccontent at the third codon position of exons and the neighboring introns and flanking sequences. These relationships indicate the existence of compositional constraints operating on both coding and noncoding sequences (5) (6) (7) 9, 10) .
The variation in G + C-content through the genome is accompanied by changes in codon usage (4) (5) (6) (7) . In vertebrate genes, the G+C-content at the third codon position is distributed over a wide range (7) , and subsequently, the codon-choice patterns of various genes in the same organism may differ considerably. In this paper we deal with the effect of differences in the G + C-content of genes on codon usage. Our approach was to investigate at the level of synonymous codon groups, examining the choice of codons within each codon group in relation to the G+C-content of the coding sequence.
DATA AND METHODS
Our starting material is the compilation by Dcemura and coworkers (11) from the GenBank Genetic Sequence Data Bank (release 50.0) of codon appearances in the nuclear genomes of Homo sapiens (HUM), Mus musculus (MUS), Rattus norvegicus (RAT), Bos taunts (BOV) and Gallus gallus (CHK).
In this work we have tentatively divided the amino acids encoded by six codons (arginine, leucine, and serine) into four-fold degenerate (Arg4, Leu4 and Ser4) and two-fold degenerate (Arg2, Leu2 and Ser2) codon groups, which contain codons differing only in the third nucleotide. Methionine and tryptophan which have only one codon each, are not relevant in this study. Termination codons have not been considered as they appear only once in each gene.
To allow codon choice to become apparent, in our analyses we included only those genes for which at least five codons of the pertinent codon-group were present, because of this the number of genes differs in each analysis. The number of five codons was chosen after carrying out trials setting 1, 3, 5, 7 and 10 codons as lower limits, the slopes obtained in these conditions were in most of cases within the interval of 1 standard error of those computed for the limit of five codons.
To express the nature of the relationships between codon usage and G + C-content we proceeded as follows. In the first place, we computed the relative synonymous-codon usage value (RSCU) of each codon as defined by Sharp et al. (12) . The RSCU value for a codon is the observed frequency of that codon divided by the frequency expected if usage of synonymous codons was uniform. This draws attention to the particular choice of codons irrespective of the amino acid composition of the gene product, and enables comparison between data sets of different sizes.
In the second place, for each genome and codon we made a diagram, in which each gene is represented by a point whose coordinates are the RSCU value of the codon under analysis (Y axis), and the G+C-content of the coding sequence (X axis). Thus we obtained a scatter of points relating the choice of each codon to the G + C-content of the coding sequence. Then, we computed the correlation coefficient, and a regression line (y = a + bx) was drawn in each graph, as an example the plot for the CGC codon (Arg4) in human genes is given in Fig. 1 . For these tasks we used BMDP6D and BMDP1R programs (13) .
Finally, we made a numerical evaluation of the extent of genomic differences by computing a 'distance' between each pair of genomes. The distance measure used is simply the sum of differences between the values of the slopes of the regression lines for two genomes. This distance is a version of the 'Manhattan metric' often used by numerical taxonomists (14) .
RESULTS AND DISCUSSION
The G+C-content of a coding sequence can be increased by the choice of codons ending in G or C. In the case of four-fold degenerate codon groups, both G-and C-ending codons are available. In the case of two-fold degenerate codon groups there are two modalities: the pyrimidine-restricted codon groups (where the third codon position is U or C), and the purine-restricted codon groups (where the third position is A or G). The codon group of isoleucine is unique in that the choice can be made among A-, U-and C-ending codons.
Codon choice in four-fold degenerate codon groups
In Table 1 the results of correlation and regression analyses for four-fold degenerate and isoleucine codon groups are given; as indicated in the method section, these were carried out after plotting the RSCU values of codons ending in each of the four bases A, T, C and G in each codon group against the G+C-content of the coding sequence as a whole.
As the correlation coefficients indicate, in most quartet codon groups, the usage of both G-and C-ending codons increases as the G+C-content of the coding sequence does, while Table 1 . Quartet codon groups. Correlation coefficients (R) and slopes (s) when plotting the RSCU values of codons ending in bases A, T, C and G against the G+C content of the coding sequence as a whole. N = number of genes. The first two bases of the codon are given in brackets. the opposite occurs for A-and U-ending codons. However, in some codons the expected behavior is not found, and the choice of these codons seems not to be dependent on the genomic G + C-content. The codons which show non statistically significant correlation coefficients are: CGG (in MUS and RAT genomes); CUC (in HUM, MUS and RAT); UCU (in RAT); CCG (in RAT); GCU (in MUS); GUC (in MUS and RAT); and GGG (in RAT). Some of them also show rather low correlation coefficients in the other genomes. This observation undoubtedly requires further investigation in order to elucidate the constraints involved in the usage of these codons. As a common feature, these codons are G + C-rich, with the exception of UCU, and it is remarkable that all they are quite frequently used in all the five genomes, being their averaged RSCU values slightly greater than 1, ( that means that they are used more than 25 % of the times to code for the corresponding amino acid). Thus, it is not the avoidance of these codons that makes them insensitive to changes in the G + C content of genes. We used linear regression analysis to quantify the association shown by correlation. The slopes of the regression lines drawn in each plot (Table 1 ) indicate the increase (or decrease) in the relative frequency of the codon under analysis when the G+C-content of the coding sequence increases. The higher the slope, the greater the preference (or avoidance) for that codon when the G+C-content of the coding sequence increases.
Results in Table 1 show that in most of the codon groups with four-fold degeneracy there is a clear bias favoring the choice of C-ending codons under GC pressure, except in the cases of leucine (quartet) and valine, where G-ending codons are used more frequently as the G+C-content increases (the exception is the bovine genome where the C-ending codon of valine is preferred). This general trend of C prevailing over G in the third codon position was already noted by previous authors (5), by investigating the correlations between base compositions of the three codon positions and those of the corresponding exons.
The increase in usage of G-or C-ending codons is concomitant with a decrease in the usage of A-and U-ending codons (negative correlation coefficients and slopes). Codon groups of leucine (quartet), valine and isoleucine show higher slopes in the case of the U-ending codon (the exception, again, is the bovine genome). The glycine codon group show higher slopes for the A-ending codon in all genomes. In the remaining codon groups, there is a slight tendency towards higher slopes in the A-ending codon, although the standard errors of slopes (not shown) are often overlapping.
Codon choice in two-fold degenerate codon groups
In the case of duets there is an excess of pyrimidine-restricted groups (which increase C-ending codons under GC pressure) over purine-restricted groups (which increase Gending codon use under GC pressure). In Table 2 the correlation coefficients and slopes Table 2 . Duet codon groups. Correlation coefficients (R) and slopes (s) when plotting the RSCU value of the C-ending codon (pynrmdine restricted duets) or the G-ending codon (purine restricted duets) agiinst the G+C content of die coding sequence as a whole. N = number of genes. The first two bases of the codon are given in brackets of the regression lines for duet codon groups are given. Results in Table 2 correspond to the C-ending codon in the case of pyrimidine-restricted groups, and to the G-ending codon in the case of purine-restricted groups. The figures for the synonymous U-and A-ending codons are the same with a negative sign. In duet codon groups the highest slope values are found in the phenylalanine codon group among the pyrimidine-restricted, and in the glutamate codon group among the purinerestricted codon groups. It is worth noting that in the leucine (duet) codon group, the slope in human genes is more than twice that of rodents; in most of cases, the chicken genes show the highest slopes. Codon choice at first position Some degeneracy at the first codon position creates a mechanism that allows the overall G+C composition of the coding sequence to be reflected in the codon usage at that position. Arginine and leucine provide a choice at first position between C (Arg4) or A (Arg2), and C (Leu4) or U (Leu2), respectively. In the case of serine the choice at the first codon position is between A (Ser4) or U (Ser2), and, therefore, no effect of the G + C content is expected on that choice.
To examine the effect of G+C content on the choices at first codon position, we have plotted the proportion of codons Arg4/Arg2 (RARG), Leu4/Leu2 (RLEU), and Ser4/Ser2 (RSER) in each gene against the G+C content of the coding sequence as a whole. Correlation coefficients and linear regression analyses are shown in Table 3 .
These results confirm the relationship between base composition and codon usage. Correlation coefficients and slopes of regression lines are higher in plots for RLEU than in plots for RARG in all five genomes, this indicates that leucine codons are more affected by G+C content than are arginine codons. Correlation coefficients and slopes in plots of RSER were all nonsignificant.
It is interesting to note that the two sets of serine codons cannot be converted into each other by single nucleotide mutations. This fact has been beautifully exploited by Brenner (15) to make a reconstruction of the pathway of molecular evolution of the active-site sequences of enzymes that have analogous essential serine residues; thus, serine residues coded for by the duet and the quartet codon groups are preserved through evolution due to mutational distance and to insensitivity to genomic changes in the G+C content.
Comparison of genomic differences
In the previous sections we made a statistical characterization of the compositional constraint (G+C-content) that could affect codon choice in vertebrate genes. To examine the degree of relatedness between these genomes, we have computed a matrix of distances by using a 'Manhattan metric' with the slopes of regression lines obtained for each codon (Table  4) . It should be mentioned that the value of these distances has no biological meaning and only their relative magnitudes are important. It can be seen that there is a certain correlation between the computed genomic distance and taxonomic distance between these BOV CHK species, thus mus and rat are the more closely related species, and each mammal is more distant to chicken than to any other mammal. The basis of these relationships is unknown, but could reflect similarities and differences in the availabilities of tRNA species or in the isochore organization among these genomes. For example, it has been reported the existence of differences in the heavy components of human and mouse genomes (16) concerning the presence in the human genome of a G + C-rich fraction containing a large number of genes and specific repetitive sequences which is not represented in the mouse genome.
Concluding remarks
Many factors have been considered to influence the non-random usage of synonymous codons. Most of them are related to translational efficiency through the stability of the codon-anticodon complex (17) , or in terms of tRNA availability (18) and the level of gene expression (12, (19) (20) (21) (22) (23) . Other hypotheses have considered nucleic acid secondary structure (24, 25) and contextual constraints (26) (27) (28) . Evolutionary aspects of codon usage have also been considered (29) (30) (31) .
The role of the organism's G+C-content in relation to codon choice has been noted in a number of papers (32, 33 and references therein), being referred to as a rule by Dcemura and Ozeki (34) in explaining non-random patterns of codon choice. It is worth mentioning that in enterobacterial genes it has been shown that the bias in codon choice due to genomic G+C content is greater in modestly expressed genes than in highly expressed genes (35) .
The importance of the G+C-content in molding codon choice has been emphasized by Bernardi and coworkers (5, 6) who claimed that codon usage is largely determined by compositional constraints concerning both G+C content and the content of individual bases. They suggested that there exists a compositional strategy of the genome, providing a rationale for the 'genome hypothesis' of Grantham and coworkers (36, 37) . Recently, it has been proposed that differences in base composition in vertebrate genomes are caused by different mutational bias of DNA polymerases in germline cells (38) , or by variation in mutation patterns along the replication timing of different chromosomal regions in the germline (39) .
Our work provides further support for and substantiation of the relationship between G+C-content and codon choice, giving a picture of how it works on individual codons in vertebrate genes. One possible bias in our approach is that genes included in the study may be submitted to different functional constraints which can be superimposed on the compositional constraint analysed here. Perhaps the most important finding is that there are different linear relationships between the G+C-content of coding sequences and the choice of particular codons, and that these relationships, which are a reflection of the coding strategy of each genome, seem to be correlated with taxonomic distance. This strategy seems to have been well conserved ever since the radiation of mammals (about 80 million years) and is somewhat different in birds (divergence time from mammals 270 million years).
